T he prevalence of substituted saturated nitrogen heterocycles in natural products and medicinal drug compounds has encouraged us in our studies of the preparation of such compounds using lithiation−substitution chemistry. Lithiation can be achieved adjacent to the nitrogen atom with various Nsubstituted cyclic amines, of which the N-tert-butoxycarbonyl (Boc) group has proven to be one of the most popular. 1 We have applied this chemistry to the formation of substituted pyrrolidines, 2 piperidines, 2b,3 piperazines, 4 imidazolidines, 5 and tetrahydroisoquinolines. 6 Another important ring system found in many natural products and drug molecules is tetrahydro-β-carboline. 7 This ring system is present in alkaloids, such as eleagnine, isolated from Chrysophyllum albidum, 8 and harmicine, isolated from Kopsia grif f ithii ( Figure 1 ). 9 Tetrahydro-β-carboline can be lithiated at the 1-position when the indole nitrogen is protected as an alkyl group and the nitrogen atom in the 6-membered ring is part of a formamidine or amide. 10 However, the more common Boc group has not, as far as we are aware, been used for this chemistry. We report here the successful lithiation−substitution of this type of compound.
We prepared the Boc-protected tetrahydro-β-carboline 1 from tryptamine and paraformaldehyde in acetic acid and MeOH followed by the addition of Boc 2 O using a known procedure. 11 Protection of the indole nitrogen atom was carried out to give a selection of substituted derivatives 2a−e (Table  1) . In each case, high yields of the product were obtained using NaH as the base followed by addition of the electrophile RX.
Initially, we studied tetrahydro-β-carboline 2a, and in situ IR spectroscopic monitoring indicated that lithiation was complete after ∼4 min in Et 2 O/TMEDA at −50°C (see the Supporting Information (SI)). However, the addition of iodomethane gave only byproducts rather than the desired 1-methylated product, and we found that the starting material 2a was unstable upon standing at room temperature. Therefore, we selected to study derivatives 2b−e.
We had similar problems upon using substrates 2c and 2d bearing an indole N-benzyl or N-tosyl group, respectively. Only decomposition products were obtained upon treatment of these compounds with n-BuLi in Et 2 O/TMEDA at −50°C. Using tetrahydro-β-carboline 2b, the reaction with n-BuLi under the same conditions followed by the addition of iodomethane gave an approximately equal mixture of recovered tetrahydro-β-carboline 2b, tetrahydro-β-carboline 1, and its N-methylated analogue (2e); we did not observe any product from Boc migration. 12 We also attempted lithiation of tetrahydro-β-carboline 1 using two equivalents of n-BuLi in Et 2 O/TMEDA at −50°C followed by the addition of iodomethane; however, the only product was tetrahydro-β-carboline 2e (isolated in 78% yield), and no products from lithiation at C-1 were obtained.
Fortunately, indole N-methyl analogue 2e behaved much better in this chemistry. This compound was not very soluble in Et 2 O, so THF was initially used as the cosolvent. Under these conditions, a good yield of desired product 3a was obtained (Scheme 1).
The use of several solvents and an additive (TMEDA) as outlined in Scheme 1 is not ideal, so we screened a selection of solvents with and without TMEDA ( Table 2 ). The simplest conditions were to carry out the lithiation in THF at −50°C. If the reaction was conducted at −78°C, then the yields were generally lower (50−69% after 10 min reaction time), indicating that the rate of rotation of the Boc group was slow at this temperature. Following the reaction in THF at −50°C by in situ IR spectroscopy showed that lithiation was complete within a few minutes (Figure 2) . 13 In contrast, partial lithation followed by slow further lithiation occurs at −78°C (see SI). Variable temperature NMR spectroscopy was carried out with tetrahydro-β-carboline 2e (see SI). Coalescence of the signals (ratio 1.3:1) for the N-CH 3 group in D 8 -THF occurred at 10°C
. Line shape analysis indicated that the approximate activation parameters for Boc rotation are ΔH ‡ = 59.6 kJ/ mol and ΔS ‡ = −9.8 J K −1 mol −1 . The half-life for rotation can therefore be determined to be t 1/2 = ∼45 s at −50°C and ∼85 min at −78°C.
The optimized lithiation conditions were used to prepare a selection of 1-substituted tetrahydro-β-carboline products 3a−f after electrophilic quenching (Scheme 2, Figure 3) . Addition of iodomethane gave product 3a in 90% yield, showing that neither Et 2 O nor TMEDA are required for successful reaction. The carbonyl electrophiles MeOCOCl and acetone gave products 3b and 3c, respectively, the latter being formed by cyclization of the intermediate alkoxide onto the Boc group. The reaction was amenable to allyl bromide or benzyl bromide as the electrophile to give products 3d and 3e, respectively. In addition, the electrophile PhS−SO 2 Ph provided the 1-phenylthio tetrahydro-β-carboline product 3f in good yield. However, the use of TMSCl or Bu 3 SnCl gave only recovered starting material 2e, and it is unclear why these were unsuccessful.
An attempt was made to carry out an asymmetric lithiation− substitution in the presence of the chiral ligand (−)-sparteine. To avoid competing solvation by THF, we used toluene as the solvent. Following the lithiation by in situ IR spectroscopy showed rapid but partial (∼50%) lithiation at −78°C (corresponding to lithiation of the rotamer with the carbonyl group pointing toward the benzylic position) followed by slow further lithiation over the course of ∼1 h (corresponding to slow rotation of the Boc group and subsequent lithiation) (see SI). Addition of iodomethane gave product 3a (84% yield) but with poor enantioselectivity (56:44 er). It is possible that iodomethane quenches only slowly after warming; 14 thus, to further investigate the potential for any asymmetric induction, we added tetrahydro-β-carboline 2e to a solution of premixed n-BuLi and chiral ligand (+)-sparteine-surrogate at −78°C, which can be used in THF, 15 followed by trapping after only 5 min with the electrophile acetone. These conditions do not promote full lithiation due to slow rotation of the Boc group, but acetone should trap any enantioenriched organolithium at −78°C. Product 3c was formed in 24% yield as a racemic mixture. It is likely that the intermediate organolithium is configurationally unstable at this temperature (as found for the related tetrahydroisoquinoline), 6a and if so, then the lack of asymmetric induction presumably arises from poor kinetic selectivity on reaction of the diastereomeric organolithium− (−)-sparteine complexes with the electrophile.
16
Treatment of tetrahydro-β-carboline product 3a with trifluoroacetic acid (TFA) promoted deprotection of the Boc group to give 9-methyleleagnine 17 (Scheme 3). In addition, we treated tetrahydro-β-carboline 2e with n-BuLi in THF at −50°C for 2 min followed by the addition of 1,3-dibromopropane to give product 3g (Scheme 4). This reaction was conducted at lower concentration to help reduce any double alkylation. Product 3g was then treated with TFA to give 11-methylharmicine. 18 These products are indole-N-methylated analogues of the natural products; it would be useful to be able to N-demethylate, although we have not attempted this transformation and related demethylations of indoles are rare in organic chemistry. 19 We have shown that, of a range of tetrahydro-β-carbolines, only a simple alkyl (methyl) group on the indole nitrogen atom is suitable for Boc-directed lithiation at C-1. By using this compound, a range of different 1-substituted tetrahydro-β-carbolines can be prepared. The use of in situ IR spectroscopy revealed that the Boc group rotates slowly at −78°C, and the lithiation is conducted better at −50°C, where the Boc group is rotating more quickly. No significant asymmetric induction was obtained with this tetrahydro-β-carboline, (−)-sparteine or (+)-sparteine-surrogate as the chiral ligand, and iodomethane or acetone as the electrophile, although it may be possible to develop an asymmetric substitution with other chiral ligands and electrophiles. The chemistry was applied to a short synthesis of two indole-N-methylated natural products, eleagnine and harmicine.
■ EXPERIMENTAL SECTION
tert-Butyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (1).
11 To a 0.25 M solution of tryptamine (10 g, 62 mmol) in a mixture of AcOH:MeOH (10:1) was added paraformaldehyde (2 g, 74 mmol). The mixture was heated to 80°C for 1 h and then cooled to room temperature. The mixture was basified to pH 9−10 using NH 4 OH (aq) and was extracted with CH 2 Cl 2 . The combined organic extracts were washed with brine, dried (MgSO 4 ), and filtered, and the solvent was evaporated to give the crude amine, which was added to Boc 2 O (13.5 g, 62 mmol) in THF at 0°C. The mixture was allowed to warm to room temperature over 16 h, and saturated aqueous NaHCO 3 was added. The mixture was extracted with Et 2 O, and the combined organic extracts were washed with brine and dried (MgSO 4 ), and the solvent was evaporated. Purification by column chromatography on silica gel gave the product, which was recrystallized from MeCN to give carbamate 1 (13. 8 tert-Butyl-9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (2a). Carbamate 1 (6.6 g, 24 mmol) in THF was added to NaH (700 mg, 60 wt % mineral oil suspension, 29 mmol) in THF (0.25 M) at 0°C. The mixture was warmed to room temperature, and MOMCl (2.7 mL, 36 mmol) was added. After 30 min, water was added, and the mixture was extracted with Et 2 O. The combined organic extracts were washed with brine, dried (MgSO 4 ), filtered, and evaporated. Purification by column chromatography on silica gel, eluting with petrol−EtOAc (90:10), gave carbamate 2a Di-tert-butyl-2,3,4,9-tetrahydro-1H-β-carboline-2,9-dicarboxylate (2b). In the same manner as carbamate 2a, carbamate 1 (272 mg, 1 mmol), NaH (60 mg, 60 wt % mineral oil suspension, 1.5 mmol), and Boc 2 O (240 mg, 1.1 mmol) gave, after flash column chromatography on silica gel eluting with petrol−EtOAc (90:10), carbamate 2b (306 mg, 82%) as an amorphous solid; mp 106−108°C; R f = 0. tert-Butyl-9-benzyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (2c). 20 In the same manner as carbamate 2a, carbamate 1 (272 mg, 1.0 mmol), NaH (60 mg, 60 wt % mineral oil suspension, 1.5 mmol), and BnBr (0.18 mL, 1.5 mmol) gave, after flash column chromatography on silica gel eluting with petrol−EtOAc (90:10), carbamate 2c (341 mg, 94%) as an oil; R f = 0. tert-Butyl-9-tosyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (2d) tert-Butyl-9-methyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (2e). In the same manner as carbamate 2a, carbamate 1 (272 mg, 1 mmol), NaH (60 mg, 60 wt % mineral oil suspension, 1.5 mmol), and MeI (0.1 mL, 1.5 mmol) gave, after flash column chromatography on silica gel eluting with petrol−EtOAc (90:10), carbamate 2e (258 mg, 90%) as an amorphous solid; mp 100−102°C; tert-Butyl-1-methyl-9-methyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (3a). n-BuLi (0.34 mL, 0.84 mmol, 2.5 M in hexanes) was added to carbamate 2e (200 mg, 0.70 mmol) in THF (0.25 M) at −50°C. After 2 min, MeI (0.07 mL, 1.05 mmol) was added, and the mixture was allowed to warm to room temperature over 16 h. Saturated aq NH 4 Cl was added, and the mixture was extracted with Et 2 O. The combined organic extracts were washed with brine, dried (MgSO 4 ), filtered, and evaporated. Purification by column chromatography on silica gel, eluting with petrol−EtOAc (90:10), gave carbamate 3a (189 mg, 90%) as an oil; R f = 0.40 [petrol−EtOAc Attempted Asymmetric Reaction. To a 0.25 M solution of nBuLi (0.12 mL, 0.30 mmol, 2.4 M in hexanes) and (+)-sparteinesurrogate (57 mg, 0.30 mmol) in THF (3 mL) at −78°C was added a solution of carbamate 2e (70 mg, 0.25 mmol) in THF (2 mL). After 5 min, acetone (0.06 mL, 0.87 mmol) was added, and the mixture was warmed to room temperature over 16 h. Purification as above gave carbamate 3c (16 mg, 24%) as an amorphous solid; 50:50 er, as determined by chiral stationary phase HPLC (the resolution between the enantiomers of carbamate 3c was achieved using a Beckman system fitted with a Daicel ChiralPak AD column (250 mm × 4.60 nm i.d.) as the stationary phase with a mixture of n-hexane and i PrOH (97:3 v/v) as the mobile phase at a flow rate of 1 mL min −1 at ambient temperature and detected by UV absorbance at 254 nm). Injection volume of 25 μm of sample was prepared in a 2 g L −1 solution of the eluent. Under these conditions, the two components were eluted at 52.6 and 58.7 min with an analysis time of 75 min.
tert-Butyl-1-allyl-9-methyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (3d). In the same manner as carbamate 3a, carbamate 2e (200 mg, 0.70 mmol), n-BuLi (0.34 mL, 0.84 mmol, 2.5 M in hexanes), and allyl bromide (0.09 mL, 1.05 mmol) gave, after flash column chromatography on silica gel eluting with petrol−EtOAc (90:10), carbamate 3d (153 mg, 67%) as an oil; R f = 0. tert-Butyl-1-benzyl-9-methyl-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (3e). In the same manner as carbamate 3a, carbamate 2e (200 mg, 0.70 mmol), n-BuLi (0.34 mL, 0.84 mmol, 2.5 M in hexanes), and BnBr (0.12 mL, 1.05 mmol) gave, after flash column chromatography on silica gel eluting with petrol−EtOAc tert-Butyl-9-methyl-1-(phenylthio)-2,3,4,9-tetrahydro-1H-β-carboline-2-carboxylate (3f). In the same manner as carbamate 3a, 1-Methyl-9-methyl-2,3,4,9-tetrahydro-1H-β-carboline (9-methyleleagnine).
17 TFA (0.25 mL, 3.3 mmol) was added to carbamate 3a (100 mg, 0.33 mmol) in CH 2 Cl 2 (0.25 M), and the mixture was heated under reflux. After 1 h, the mixture was cooled to room temperature. Water was added, and the mixture was basified to pH 9−10 with aq NaOH (2 M). The mixture was extracted with CH 2 Cl 2 , and the combined organic extracts were dried (MgSO 4 ), filtered, and evaporated. Purification by column chromatography on silica gel, eluting with CH 2 Cl 2 −MeOH (90:10), gave 9-methyleleagnine (65 mg, 98%) as an oil; R f = 0.55 [ 11-Methyl-2,3,5,6,11,11b-hexahydro-1H-indolizino [8,7-b] indole (11-methylharmicine). 18 In the same manner as 9-methyleleagnine, carbamate 3g (60 mg, 0.15 mmol) and TFA (0.11 mL, 1.5 mmol) gave, after flash column chromatography on silica gel eluting with CH 2 Cl 2 −MeOH (90:10), 11- 
